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Abstract: Rose Bengal (RB) is a xanthene dye used as a sensitizer to convert triplet (*0z2) to singlet
oxygen ('O2). This photophysical property makes it one of the most used dyes in photodynamic
therapy. Thus, understanding its interaction with biomacromolecules can provide helpful infor-
mation about its mode of action and application. The protein chosen for this study was human se-
rum albumin (HSA), which has nine binding sites for fatty acids (FA), and at least three sites for
interactions of drugs (DS). The complexation of HSA with RB caused a maximum bathochromic
shift in its absorption. From this displacement and the application of the Benesi-Hildebrand model,
the ligand—protein association constant (3.90 + 0.08 x 10> M!) was obtained. Applying the Job’s Plot
method resulted in a 6:1 (ligand-protein) stoichiometry. The determination of preferred binding
sites was performed by measuring the association constant in the presence of drugs for which their
binding sites in HSA are already well established, such as warfarin (DS1), ibuprofen (DS2 and FA®6),
digitoxin (DS3), diazepam (DS2), and diflunisal (DS2 and FA6). From these studies, it was found
that RB is able to bind at DS1, DS3, and FAG6 sites but not at DS2. Subsequently, molecular docking
studies using the 2BX8 and 2BXE crystallographic structures were performed and corroborated the
experimental results. The lowest energy poses were -52.13, =58.79, and -67.55 kcal mol™ at DSI,
DS3, and FAG6, respectively. Conversely, DS2 was the lower affinity binding site. In conclusion, HSA
has a high affinity for RB, being able to bind up to six dye molecules.

Keywords: Rose Bengal; HSA; interaction sites; molecular docking

1. Introduction

2,3,4,5-tetrachloro-6-(3-hydroxy-2,4,5,7-tetraiod0-6-oxo-xanthen-9-yl)benzoic  acid,
known as Rose of Bengal (RB) or acid red 94 (Figure 1), is a tetraiodo-substituted anhy-
drous salt belonging to the class of xanthenes present in the molecules of fluorescein and
rhodamine, and derivatives [1,2]. The structure of xanthene has a relative orientation be-
tween planes with benzene and is close to an orthogonal orientation, making the two parts
of the molecule almost independent, as the photophysical characteristics of RB are related
to the xanthene moiety [3,4]. RB has been widely applied as a sensitizer for the photogen-
eration of singlet oxygen ('O2), used in photochemical reactions and photodynamic ther-
apy in medicine [5-8]. Due to its various properties, RB has assumed a peculiar role in
different fields, mainly in the medical field, in which it is widely used in ophthalmological
diagnoses of the pathology known as “dry eye”. Recent studies report the use of the dye
in therapies involving cancer cells [9]. Studies of the interaction between biological mac-
romolecules, such as proteins and drugs, are of great relevance, as they provide valuable
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information that allows understanding of the formation of molecular complexes, enabling
the proposition of reaction mechanisms, recognition and identification of sites of connec-
tion, and determination of the interactions involved.

a)

Figure 1. Chemical structure of Rose Bengal. (a) Structure 2D. (b) Structure 3D.

One of the main biological macromolecules in our body is the human serum albumin
protein (HSA). This protein has properties such as maintaining oncotic pressure and pH
in the bloodstream. One of its primary functions in the body is interacting with various
endogenous and exogenous compounds such as bilirubin, fatty acids, and drugs, respec-
tively. The HSA protein also plays a crucial role in the pharmacokinetics and toxicokinetic
of drugs and toxins [10-12].

HSA is organized into three domains, called I, II, and III, where each domain com-
prises two subdomains: A and B. There are three main binding sites for drugs (Figure 2a):
Sudlow I site, or Drug Site 1 (DS1), located in subdomain IIA; Sudlow II site, or Drug Site
2 (DS2), in subdomain IIIA; and site III (DS3) located in the IB subdomain. In the classifi-
cation for binding sites corresponding to fatty acids, nine regions result (Figure 2b).

(b)

Figure 2. Sites of HAS protein interaction. (a) Sites for drugs. (b) Sites for fatty acids. (Source: PDB
1E7E [13]-modified).

In the present work, the association constant (Ka) of the RB-HSA complex was deter-
mined. The predominant conformer for each binding site was studied using molecular
docking techniques.
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2. Materials
2.1. Experimental Studies

The chemical compounds used in this work were: Rose Bengal (RB), human serum
albumin (HSA), ibuprofen, warfarin, diflunisal, diazepam, digitoxin, and biliverdin all
from Sigma-Aldrich Chemical Co (St. Louis, MO, USA).

2.2. Molecular Docking Studies

Molecular docking studies were performed using the Genetic Optimization for Lig-
and Docking 5.5 (GOLD) software, developed by Cambridge Crystallographic Data Cen-
ter (CCDC). The Coordination for the Improvement of Higher Education Personnel
(Capes) made the software available. The protein crystal structures and ligands were an-
alyzed in the Discovery Studio Visualizer 2019 (DS) software, developed by Dassault Sys-
tem. RMSD calculations were determined using Chimera 1.15 software, developed by
UCSF Resource for Biocomputing, Visualization, and Informatics. Interaction studies
were performed using the NClIplot software and visualized using the Visual Molecular
Dynamics (VMD) software.

3. Methodologies
3.1. Experimental Studies
3.1.1. Determination of the Binding Constant

The ultraviolet spectrum was measured in a Cary 8454 ultraviolet equipment (Ag-
ilent Technologies — Santa Clara, CA, USA) coupled to the R1 stirring equipment (Grant)
and also used a quartz cuvette (3.0 mL) with an optical path of 10.0 nm. The ultraviolet
spectra of the RB dye were studied in the presence and absence of the HSA protein (room
temperature), being analyzed at a wavelength from 450 to 600 nm. In the experiment, the
concentration of RB remained constant (10.0 uM), and the concentration of HSA gradually
increased (0 to 6.0 uM, with intervals of 0.25 uM).

3.1.2. Determination of the Binding Site in the HSA

This technique to determine the preferred site of the RB dye to the HSA protein in-
volves a competition between the specific drug at each site and the dye. Thus, the follow-
ing drugs were used: Warfarin (DS1); Ibuprofen, Diflunisal, Diazepam (DS2); Digitoxin
and Biliverdin (DS3), and Ibuprofen and Diflunisal also have a second interaction region
(FA6) [14-16]. Initially, the spectrum of 20 pL of the RB dye (1.0 mM) was obtained. Then,
20 pL of the drug (1.0 mM) and a two-minute interval were allowed to perform the spec-
tral analysis again. Then, the addition of the protein was started (aliquots of 2.5 pL of
HSA), and after each addition and incubation for two minutes, the spectra were obtained.

3.1.3. Determination of the Proportional Amount between Ligand and Protein

The technique used to determine the proportion of RB dye bound in the HSA protein
was the Job’s Plot method. Thirteen solutions were prepared, varying the concentrations
of the RB dye and the HSA protein. This variation in the ligand and protein concentrations
followed the requirement of keeping the sum of their concentration constant at 11.0 M.
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3.2. Molecular Docking Studies
3.2.1. Protein Database

Two HSA structures were used in the simulations. The first has the azapropazone
ligand at the DS1 and DS3 sites (PDB 2BX8) [14], with a resolution of 2.70 A. The second
is a structure of the HSA with the diflunisal ligand at the DS1, DS2, and FA®6 sites (PDB
2BXE) [14], with a resolution of 2.95 A. Due to the structures present in the ligands in the
crystalline structure sites, there is a need to carry out the molecular redocking process.

3.2.2. Molecular Redocking

The molecular redocking process aims to reconstruct the protein-ligand complex that
was in the crystallographic structure of HSA. In the DS software, all the water molecules
present in the HSA structure were removed and then, in the GOLD 5.5, the hydrogen
atoms were added. The molecular docking study was performed on PDBs 2BX8 and 2BXE,
at the sites that will be studied in each crystal structure. For each one, the molecular re-
docking calculation was performed in ten runs, using the chemscore_kinase parameters,
with a GoldScore scoring function, and under a study radius on the ligand of 6.0 A. The
results obtained from the molecular redocking study were analyzed in the DS software in
relation to the visualization of the poses and also in relation to the energy scores of each
conformer.

3.2.3. Conformational Structure of Rose Bengal Dye

The structure of the RB dye used in the molecular docking calculations was acquired
from the PubChem website database. The chosen structure has the CID 25474 and is dated
26 March 2005.

3.2.4. Molecular Docking

After the analysis of the molecular redocking studies, the molecular docking studies
continued. Thus, with the conformational structures of the ligand (obtained from Pub-
chem) and of the HSA protein (PDB), the appropriate procedures were carried out in
GOLD 5.5 to study and verify which sites the RB dye has affinities. At each study site,
hydrogen atoms were added and the GoldScore scoring function was used, which is based
on Equation (1), where S (hb_ext) represents the LH energy of the ligand protein; S
(vdw_ext), the energy of the protein-ligand van der Waals interactions, and S (int) is a
penalty for not encouraging internal ligand interactions [17,18].

Fit function =S (hb_ext) + 1.3750 x S (vdw_ext) + S (int) 1)

The analysis of the molecular docking results was carried out in two stages, the first
being an analysis of the energy values corresponding to each conformer obtained in the
study. The second step was performed with the help of the DS software, in which the
poses obtained in the study were analyzed. Finally, the two pieces of information were
correlated to obtain a better understanding of the results.

With the best results obtained by molecular docking, it was verified whether there
would be the possibility of improving them; therefore, it involved studies with the amino
acids of the side chains of each binding site, and this practice involves the process of pro-
tonating, flexing, or rotating the amino acids of the side chains. In this study, the same
conditions prevailed as for the parameters previously adopted. With the new results, the
same energy and pose analyzes were performed to then certify, by comparative analysis,
which was the best condition that obtained the best results.
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3.3. Studies to Determine the Attractive and Repulsive Interactions of the Interaction between
the RB Dye and the HSA Protein

NClplot software was used to study non-covalent interactions and stability between
the molecule of interest and its binding site on the target protein [19-21]. NClIplot uses
four algorithms to calculate non-covalent interactions based on electron density (g) and
its reduced gradient (s). The inputs used in the calculations were the coordinates of RB
(ligand) and HSA (protein) previously obtained in molecular docking studies. The key-
word LIGAND indicates the algorithm that the density must be obtained in promolecular
mode (promolecular mode). In promotional mode, a radius around the ligand is deter-
mined, so that interactions with the receptor are only computed within this radius. this
type of calculation is recommended for very large systems, such as proteins, so that the
density in the promolecular mode is an approximation of the electronic density [22].
NClIplot uses the external coordinates of the ligand to compute interactions from it up to
a specified radius [23]. In the case of this work, the radius used was 5 A.

4. Results and Discussions
4.1. Calculation of Ka in the Formation of the RB-HSA Complex

In Figure 3a, we can see that the RB dye has affinities to HSA because, in the aqueous
medium, the RB dye (black line) has an absorption band with a maximum at 549 nm and,
with the addition of HSA, it caused a bathochromic shift to 563 nm. We can also observe
the formation of the isosbestic point, in which the wavelengths of the solutions have the
same absorbance value [24], thus indicating the formation of the binding protein complex.

(b)
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Figure 3. Result of the interaction between the RB dye and the HSA protein. (a) UV-vis spectrum of
the RB with the addition of HSA protein (0 to 6 puL). (b) Graph (Benesi-Hildebrand plot) of the in-
verse values of absorbance (1/AA) by the inverse of the concentration of the protein that was added
(1/g[HSA]).

Still in Figure 3a, we can see that there is a saturation point (A=), representing that
the entire ligand is interacting with the protein [25], and this state was reached when a
concentration of around 2.5 uM of HSA was obtained. From the absorbance values refer-
ring to A =563 nm of the spectra in Figure 3a, some relationships were determined based
on the Benesi-Hildebrand equation (Equation (2)). In this way, the values of the inverse
relationship of the difference in the variation of the absorbance of the samples (presence
of HSA-absence of HSA) were determined to plot a graph (Figure 3b) between the rela-
tionships of these values to the inverse of the protein concentration in each solution.

1 1 1 1
= + X -
A-Ay Axw—A4y Kq(Aw—A4g) [Protein]
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There is a relationship between the absorbance values (A: experimental; Ao: tending
to the origin; Aw: tending to infinity), binding constant (Ka), and the concentration of the
protein used. In the graph of Figure 3b, we can find the values of the angular and linear
coefficients to then relate to the Benesi-Hildebrand equation (Equation (2)) to calculate
the Ka value of the RB-HSA complex, which was around 3.90 + 0.08 (x 10%) M. From these
initial analyses, we can verify that the RB dye interacts with the HSA protein. This char-
acteristic is of enormous importance, as HSA is considered the most abundant protein in
the bloodstream, and it also has the characteristic of transporting nutrients and drugs in
the human body. Based on the need to better understand this interaction between the dye
and the protein, studies were continued to determine the preferential binding site for the
formation of this complex.

4.2. Determination of the Binding Site

The choices of drugs used in this experiment were due to the knowledge, in the liter-
ature, of their regions of interactions in the HSA protein. The site competition methodol-
ogy is based on the verification and comparison of Ka values referring to the formation of
the complex in the presence and absence of another drug, which may have, or not, a decay
in its value. The decay of the Ka value indicates that there was a competition between the
RB dye and the drug, thus indicating that less complex RB-HSA structures are formed.
Therefore, RB has affinities in the same region as the studied drug, and, if there was no
change in the Ka value, it would indicate that the presence of this drug would not influ-
ence the interaction between the dye and the protein, remembering that Ka is determined
by the equilibrium state of the concentration ratio of the complexed form by the free form
(Equation (4)).

A+ B =AB 3)
Ka = [AB] _ [complexed structure] 4
[A].[B] [free structure]

Table 1 shows the Ka values referring to the interaction of the RB dye with HSA in
the absence and presence of drugs. So, for studies with the presence of warfarin, we can
say that the RB dye has an affinity for the DSI1 site of the HSA protein, as there is a decrease
in the Ka value, when it is compared to the value of native HSA. This is due to the fact
that, probably, the warfarin structures would be hindering the binding of RB to the HSA
protein in the DS1 region, thus causing this decrease in the Ka value.

Table 1. Values of the association constant of the RB and the effect of pharmaceutical drugs.

Ka (uM) Site [14-16]
HSA (3.90 + 0.08) x 10°
+WARFARIN (2.42+£0.95) x 105 DS1
+IBUPROFEN (1.35+0.42) x 105 DS2 or FA6
+DIFLUNISAL (0.86 + 0.06) x 10° DS2 or FA6
+DIAZEPAM (3.05+0.53) x 10° DS2
+DIGITOXIN (2.06 £ 0.59) x 105 DS3

In the experiment performed on DS2, three analyses were performed since initially it
was performed in the presence of the drug ibuprofen, however, it was observed that this
drug has two sites of interactions, the first being on DS2 and the second on FA6 [14-16].
Thus, the decay of the Ka value obtained in the presence of this drug could be correlated
to the DS2 and/or FAG6 site(s). With the difficulty of properly interpreting the results ob-
tained in the presence of ibuprofen, we carried out studies with other drugs: diazepam
and diflunisal. Diazepam is a specific drug for DS2, and diflunisal for DS2 and FA6 (same
behavior as ibuprofen) [14-16]. Thus, we will be able to elucidate the result obtained from
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the decay of the Ka value in the experiment with ibuprofen. In the presence of diazepam,
it was observed that the value of Ka did not change significantly, thus indicating that the
RB dye has a low affinity for this region. In the presence of diflunisal, results similar to
the ibuprofen experiment were observed, therefore, the decay of the Ka value obtained
indicates that the dye has an affinity for FA6.

Therefore, the experimental results of site competition show us that the RB dye has
affinities to the DS1, DS3 and FA®6 sites, as there was a decrease in the Ka value found in
the presence of warfarin, ibuprofen, diflunisal and digitoxin when compared to the Ka
value of native HSA (absence of drugs). This ligand has a low affinity for DS2, due to the
fact that the Ka value does not change in the presence of diazepam.

The results referring to the DS1 and DS2 sites were already to be expected, as there
are results in the literature that demonstrate this behavior of RB in the HSA protein [26].
Due to the studies being focused only on these two sites, there is a claim that the RB dye
has a preferred site, DS1. However, in the previous results, we can verify that it was not
possible to identify a site preference for the formation of the complex.

4.3. Ratio between Binding Protein

In site competition experiments, it was observed that the RB dye has affinities at dif-
ferent sites of the HSA protein, thus making it difficult to identify a preferential site for
the formation of the complex. Therefore, the proportional amount of dye that is binding
to the protein was investigated and, for this, we used the Job’s Plot experiment. The Job’s
Plot experiment involves changing the molar fraction ratio between the RB and the pro-
tein, with the sum of the two fractions having to be equal to 1, referring to the total per-
centage (100%) of the resulting solution.

Figure 4 represents a graph with the absorption values at A =563 nm per molar frac-
tion of the RB; to then perform the linear averages of these points, there is a need to deter-
mine this linearity for the increasing results and also for the decreasing ones, because in
this way we can determine the ratio of the molar amount of dye that is interacting in a
protein.

1.0{ Cgrp=5.96 ymol.L™"
Chsa=1.00 pmol.L™

A Absorbance cg3 11

Figure 4. Result of the Job’s Plot test referring to the values of the molar fractions of the RB dye (A =
563 nm).

To determine the proportional relationship of the molar amount of ligand interacting
in the protein, firstly, the molar fraction referring to the RB obtained from the intersection
of the half lines must be verified, as shown in Figure 4, and this then has the value of
0.8564, being that this value will be used in Equation (5) to determine the proportional
amount of probe that is interacting with a single protein.
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xP=

We can verify that the calculation performed with Equation (5) reveals that the ratio
of RB to protein is 6:1, indicating that there are six molecular structures of the probe inter-
acting at the same time in a single protein.

4.4. Molecular Docking

As they are structures of different PDBs, there is a need to carry out studies to certify
whether they are similar so that we can compare the results obtained. To verify the con-
formity of the structures, we used the calculations of the root-mean-square deviation
(RMSD), in which, if a value of up to 3.0 is obtained, it indicates that the structures are
homologous [26,27]. The superposition of the structures and their respective RMSD cal-
culation were performed using the Chimera 1.15 software. Thus, we obtained a low value
of RMSD, around 0.752, thus indicating that the structures have a similarity, and, in this
way, we can compare and complement the results (Figure 5).

1 1 21 k1] 4

RMSD: ca _

2BX8,chainA 1[5 7 RFKDL GEENFKALVL TAFAQYLQQC FFEDHVKLVN EVIEFAKICV

2BXEchainA 1|SEVAHRFKDL GEEMFKALVL IAF F VKLVN E FAKTCV
51 61 il 81 o

RMSD. ca

2BXB,chainA 51ADCSACNCUK TFGORKL CTVATLRETY MA ARG EPERNECFL

2BXE,chainA 51 ADESAENCDK LEGDKL CTVA ADCCAKQ EPER L
101 m 121 131 14

RMSD: ca I

2BX8, chain A 101[F KD [ R LVR [ AFHDI F LEKYL AR R F

A 92|HKDL R _LVR MC FHOD! F_LKK AR R FYA

151 161 171 181 191

RMSD: ca

ZEXBJEhEAA 151CF F AKRYKAA FTECCOAADK AACLLPKLDE LRDEGKASSA KURLKCASLG

2BXE chainA 142|LF F AKRYKAA FTECCOAADK AACLLPKLDE LRDEGKASSA KOQRLKCASLO
201 n 2 23 241

RMSD ca

2BX8, chainA 201K AT K KA AEVSKL DLTKV E L

2BXE, chainA 192 K F © ERAF K AEFAEVSKL DLTKVHTE LLECA
251 261 n 281 291

RMSD. ca

2BX8, chain A 251 RADLAKY 1 CEN ] K LKEGCCEKPLL EK CIAEVE T AP AL

2BXE, chain A 247 RADLAKY 1 CEN | K _LKECCEKFPLL EK CIAEVE 1 APADL
an m il kgl k2l

RMSD' ca

QBB haii® 301 [TAADFVESKD VCKNYALAKD VFLGMF ARR VV TRLAF

2BXE chainA 202|L AADFVESKD VCKNYAEAKD VFLGMFELY ARR ¥V LLLRLAK
1 an 21 331 3

RMSD: ca

2BXB,Ehali 31 [AADFVESKD VCKNYACAKD VFLGMF ARR YSVV CRLAKT

2BXE, chainA 202|L AADFVESKD VCKHYAEAKD VFLGMFLYE ARRHPDYSVV LLLRLAKT
351 361 an 381 391

RMSD: ca

2BX8, chain A 251 KCCAAA KVF EF CTRAGNGCEL FEQL f

2BXE, chain A 242 KCCAAA F EF LIKQNCEL FEQL f
401 an a2 431 441

RMSD ca

2BX8,chainA 401V AL L VR KK V LV EVSRHN KCCK AK RMPCAEDYL

2BXE, chain A 392 1 A L L VR KK V¥ LV EVSRE KCCK AK RM DYL
451 461 4an 481 491

RMSD: ca

ZEXWEHNNR 451 VVLNOLCVLH EKTPVSDRVI KCCIESLVNR RPCFSALEVD ETYVPK A

2BXE, chain A 442/ v CVLH EKTPVSDRVT KCCTESLVNR RPCFSALEVD ETYVPKEFNA
501 511 521 531 541

RMSD. ca

2BX8, chain A 501/5]1[F| |7 T KERGT KKATALVELV K KATK KAVWMODF AA

2BXE, chain A 407 FITE | K | KKQTA LV K KATK KAVMDDFAA|
551 561 571

RMSD' ca

2BX8, chainA 550 F VEKCCKADD KETGFA K K

2BXE, chainA 541 F VEKCCKADD KETCFA K_KL

Figure 5. Overlay of PDB 2BX8 and PDB 2BXE structures performed in Chimera 1.15 software and
representation of the sequence of the amino acid alignment of the structures.

The results of molecular docking studies are shown in Table 2. The results for DS1
and DS3 were obtained using PDB 2BX8, while for DS2 and FA6, PDB 2BXE was used. We
can observe that, for DS2, Table 2 is not filled, indicating that, for this site, the results were
not adequate, resulting in the RB dye having low affinity. We recall that, in experimental
studies, the RB dye showed the same behavior.
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Table 2. Molecular docking results for PDBs, 2BX8, and 2BXE.

Site Ra:;;l)us (kf;e;go};_l) Interactions
DS1 ‘ 13 HB. L¥s199 (2.21 /:x); Glu292 (1.86 /:x)
T His242 (2.79 A); Ala291 (2.28 A)
DS2 - -
HB. Argl17 (2.11 A)
DS3 5 -58.79 vdw Tyr138 (2.48 A); Arg145 (2.50 A); Arg186 (3.15 A); Ser193 (3.01 A)
n Arg186 (3.57 A); Arg186 (3.48 A)
0 H.B. Arg209 (1.48 A); Lys351 (1.58 i}); Asp324 (197 A)
FA6 (flex) * -67.55 vdw Arg209 (240 A) D
n Lys315 (2.78 A); Lys351 (2.41 A)

* Amino acid: Arg 209, Glu 354 and Asp 483.

In the GOLD software the binding site can be defined by specifying the approximate
center of the binding site and taking all atoms that are within a specified radius of this
point [18,28]. So, it was possible to find out which is the best for each site. We can then
observe in Table 2 that the radius varied for each site, being 6 A for DS1, 5 A for DS2, and
10 A for FA6. The conditions at FA6 were different from the other sites studied, as the best
conditions were necessary to obtain the most stable conformer, leaving the amino acids
Arg209, Glu354 and Asp483 flexible. While for the other sites the best approach was to
consider the structure of the static HSA (amino acids were not flexible).

The energetic values are very close, making it difficult to determine if there is any
preferential site for the formation of the complex. For now, we can be sure that the RB dye
has affinities for DS1, DS3, and FA1. The conformers obtained by molecular docking were
analyzed using the DS software. Thus, it was possible to verify the poses and possible
interactions (Table 2) that the RB dye is performing with the amino acids present in the
protein site. The non-covalent interactions of the same conformers were also studied in
the NClIplot software. NCIplot was used to verify the attractive and repulsive interactions,
so the surfaces were colored only blue (attraction) and red (repulsion) without emphasis
on the type of bond. The entire visualization of the results was performed using the Visual
Molecular Dynamics (VMD) software [28,29]. In DS1, we verified that, through the anal-
ysis of the DS software, there are four interactions, two of the LH type and two of the ©
type. However, when using the NCIplot results and analyzed in the VMD software (Fig-
ure 6), we see that the RB dye has only three interactions, two of the LH type with lysine
199 (2.21 A) and glutamic acid 292 (1.86 A),and a ni-type interaction with alanine 291 (2.01
A).

Figure 6. Interactions of RB dye to HSA DS1 obtained in NClIplot studies and analyzed by VMD
software.
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In DS3, we can observe that, in the NClplot studies, there are three LH interactions
with the amino acids arginine 117 (2.12 A), arginine 145 (2.07 A), and arginine 186 (2.26
A), while the analyses performed in the DSV they showed only a single interaction with
the amino acid arginine 117 (2.11 A). The VMD analyses showed four interactions of vdw
with the amino acids arginine 117 (2.88 A), tyrosine 138 (2.62 A), arginine 145 (2.50 A),
and arginine 186 (2.38 A), as shown in Figure 7.

Figure 7. Interactions of RB dye to HSA DS3 obtained in NClplot studies and analyzed by VMD
software.

In FA®, there was also a difference in the results presented by the DSV software, and
in the results calculated by the NClIplot and analyzed by the VMD, we observed that there
are only three interactions, two of the LH type [Asp324 (1.97 A) and Lys351 (2.99 A)], and
there is also a vdw-type interaction with lysine 351, with a distance of 2.53 A (Figure 8).

Figure 8. Interactions of RB dye to FA6 of HSA obtained in NClIplot studies and analyzed by VMD
software.
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In order to further assess the non-covalent interactions, scatter-type graphs (Figure
9) were prepared for the RB dye conformers obtained from the results of molecular dock-
ing studies at the DS1, DS3, and FA®6 sites.
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Figure 9. Scatter plot of non-covalent interactions, by color, as a function of the second Hessian
matrix and electron density. Left: DS1 site. In the center: DS3 site. Right: FA6 site.

As previously observed, at the DS1 site, we can see two saddle points between the
values —0.08 and 0.00, indicating the presence of a strong attractive interaction, corrobo-
rating the surfaces found between the Rose Bengal and the amino acids lysine 199 and
glutamine 292. At DS3, there are three saddle points between —0.1 and —0.05, referring to
the hydrogen bonds of Rose of Bengal and arginine 117, arginine 145, and arginine 186. In
the FA6 site, saddle points between —0.03 and 0.00, in color greenish, demonstrate only
the existence of weak interactions, so that points referring to hydrogen bonds were not
observed.

The results obtained in the molecular docking studies partially corroborated those of
Alarcon (2009) [26], showing that the RB dye does not have affinities with the DS2 site,
but affinities with the DS1 site. This is due to the fact that Alarcén only investigated the
possibility of the RB having interactions at the DS1 and DS2 sites, thus resulting in the
distinction, in part, of the results presented by him and in this work. Due to this fact, the
distinction is made in relation to DS1 not being the only region that the RB dye can bind
to and, thus, it would not be correct to say that this region is the preferred site for the
formation of the complex.

5. Conclusions

The RB dye binds to the HSA protein, and the value for the formation of this complex
corresponds to 3.90 = 0.08 x 105 M, from the analysis of the fluorescence spectra, together
with the calculations of the Benesi-Hildebrand. Due to the fact that the RB dye has an
affinity for the HSA protein, the region where this complex is formed was determined
from experimental studies of site competition. The results reveal that the dye has affinities
for DS1, FA1, and FAG6 sites and no affinity for DS2 in HSA. However, in the studies on
DS2, it was necessary to carry out a control test, since the initial studies on this binding
site were with the substance ibuprofen which, according to the literature, has two regions
of affinities. Two tests were then performed, one with the substance diazepam to prove
the non-affinity of the RB dye to this site, and the second experiment was with the sub-
stance diflunisal, to prove that the results obtained with ibuprofen correspond to the af-
finity of the RB dye to the FA6 site. Due to the high affinity of the RB dye to the HSA
protein, the proportional amount of RB interacting with the HSA was investigated. For
this study, the Job’s Plot protocols were adopted, thus, it was determined that six molec-
ular structures of RB are interacting with a single structure of the HSA protein. However,
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the results obtained in the experimental studies of site competition were matched with the
theoretical studies. Thus, in molecular docking, it was observed that the RB dye has affin-
ity for the DS1, FA1, and FA®6 sites in the HSA protein. The DS2 site was characterized as
a region in which the RB dye has low affinity, since the results obtained in this region were
not satisfactory. Given these considerations, the RB dye has a very interesting feature in
the fact that it has a high affinity for the HSA protein. This particularity has a positive
side, for example, in the medical field, for the identification and/or treatment of some pa-
thology. The RB dye can be used in the presence of other drugs, as their presence does not
significantly affect the binding of the dye to the protein.
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